Abstract We fabricated an enzyme fuel cell (EFC) device based on glucose as fuel and glucose oxidase (GOx) as biocatalyst. As a strategy to improve GOx stability, preserving at the same time the enzyme catalytic activity, we propose an immobilization procedure to entrap GOx in a polymer matrix based on Nafion and multiwalled carbon nanotubes. Circular dichroism (CD) spectra were recorded to study changes in the 3D structure of GOx that might be generated by the immobilization procedure. The comparison between the CD features of GOx immobilized and free in solution indicates that the shape of the spectra and position of peaks do not significantly change. The bioelectrocatalytic activity toward glucose oxidation of immobilized GOx was studied by cyclic voltammetry and chronoamperometry experiments. Such electrochemical experiments allow monitoring the rate of GOx-catalyzed glucose oxidation and extrapolating GOx kinetic parameters. Results demonstrate that immobilized GOx has high catalytic efficiency, due the maintaining of regular and well-ordered structure of the immobilized enzyme, as indicated by spectroscopic findings. Once investigated the electrode structure-property relationship, an EFC device was assembled using the GOx-based bioanode, and sulfonated poly ether ether ketone as electrolyte membrane.
Introduction
Enzyme fuel cells (EFCs) are a subcategory of traditional fuel cells which employ enzymes as catalysts [1] [2] [3] . While conventional fuel cells, such as polymer electrolyte, directmethanol and solid-oxide devices, use expensive catalysts and fuels [4, 5] , EFCs are able to respond to sustainability issues, generating electricity through the enzyme-catalyzed oxidation of renewable fuels such as sugars or organic compounds. For small scale applications, EFC devices are well suited for portable power applications where the power requirements are relatively low and not as stringent as for transport applications (for instance, 100 mW are sufficient to operate an MP3 music player) [6] . Moreover, the selectivity of enzymes and their ability to operate under mild conditions of temperature and pH make EFCs particularly attractive as in vivo power sources operating in blood vessel using glucose and dissolved oxygen as fuel and oxidant with power requirements even lower than those needed for consumer electronics (1 lW to operate a cardiac pacemaker) [7] .
Although substantial effort is currently being made to develop EFC devices [8] [9] [10] [11] , the applicability of EFCs is still limited due to materials constraints. The enzymemodified electrode and the electrolyte membrane are the fundamental components governing the performance of the EFC device in terms of electron-transfer kinetics, mass transport to the electrode, proton transport though the electrolyte membrane, power density, and stability. One of the main challenges in commercializing EFCs consists in short lifetime which is related to enzymes poor stability. To extend the lifetime of enzyme electrodes several strategies have been proposed, ranging from genetic engineering methods to alter enzyme amino acid sequence [12, 13] , and immobilization techniques in external matrices [14, 15] , which generally result in catalyst stabilization against thermal and chemical denaturation.
However, strategies based on the modification of enzyme structure are very expensive, time consuming, and require sophisticated reagents, thus resulting inappropriate for engineering productive and cost effective enzyme microreactors. Moreover, it is generally accepted that immobilized enzyme systems experience a loss of activity due to mass transport problems through the matrix [16] , leading to the decrease of power output of the corresponding EFC device.
Limitations arising from enzyme electrodes are not the sole reason for low-power density supplied by an EFC device, the electrolyte membrane being also a key component of a fuel cell. Despites its low-proton conductivity at the operative conditions of typical EFC devices (near neutral pH and 25 B T B 40°C), Nafion is still the most used electrolyte. Due to the high ionic resistance of the Nafion membrane, the use of membrane-less EFCs has also been explored [17, 18] , whereas only few reports have addressed the use of different polymer electrolyte alternative to Nafion [19] . Although recent research progress, EFC technology is still so far from being commercially spread, so that new materials and components must be developed and properly combined to maximize EFC final performance.
Aim of the present study is to develop an immobilization strategy of glucose oxidase (GOx) on carbon cloth as an effective and fast alternative to conventional immobilization methods and to test its suitability for fabricating bioanodes to be used in EFC devices. GOx is an oxidoreductase-type enzyme commonly found in many fungus and bacteria [20] . Its substrate (glucose) is readily available, thus offering interesting applicative perspective in terms of cost reduction and sustainability. On the other hand, GOx does not directly transfer electrons to conventional electrodes needing the presence of external redox mediators and their leakage from electrode and instability eventually lead to toxicity issues and poor EFC performance over time [21, 22] .
To obtain direct electron transfer between the redox center of GOx and electrode surface we have exploited the combination of the excellent properties of carbon nanotubes in terms of dimension, stability and electrical conductivity [8, 23, 24] with the unique structure and transport properties of Nafion [25, 26] as immobilizing matrix. The combined use of spectroscopy and electrochemistry was used as a tool for investigating structure property relationship of the enzyme electrode.
The applicability of such bioanode was tested in a EFC prototype, using sulfonated poly ether ether ketone (SPEEK) as electrolyte membrane. SPEEK offers versatile properties such as chemical inertness, thermal stability, and proton conductivity dependent on sulfonation degree, i.e., number of protogenic carriers per monomer unit, and therefore tunable via control of synthetic conditions [27, 28] . The use of SPEEK in EFC systems has not been reported so far in the literature and represents a viable economic alternative to commercial Nafion membranes.
Experimental

Materials
Glucose oxidase (GOx, EC 1.1.3.4, type VII from Aspergillus niger), Nafion perfluorinated resin solution at 5 wt% in a mixture of lower aliphatic alcohols and water, N,Ndimethylacetamide (DMA), and Nafion 117 membrane were purchased by Sigma-Aldrich. Stock solutions of b-D(?) glucose (1 M) were prepared in a 0.1 M phosphate buffer, PBS (pH 7, 0.1, M), and stored at 4°C for at least 24 h before use. Multi-walled carbon nanotubes (MWCNTs) were purchased by Sigma-Aldrich and purified following a previous published procedure [29] .
Immobilization procedure of GOx
Glucose oxidase (3 mg mL -1 ) was dissolved in a Nafion 0.5 wt% solution in PBS and treated in an ultrasonic ice bath for 10 min. The resulting solution were then cast on different solid supports and held at 40°C overnight to allow solvent evaporation, thus obtaining thin films. A mixture based on GOx (3 mg mL -1 ) and MWNTs (3 mg mL -1 ) dispersed in a Nafion 0.5 wt% solution in PBS was also prepared and cast on solid supports. The enzyme content in the films was 1.6 mg cm -2 in all cases. Equivalent solutions were also prepared in the absence of GOx or Nafion and casted on solid supports to be used as reference. Table 1 lists the samples together with their labeling.
The choice of the solid support depends on the characterization technique: petri dishes were selected as support for infrared spectroscopy, quartz slides for circular dichroism and carbon cloths for microscopy and electrochemistry characterization. [28] . Both methods indicated a DS of 80 %.
The SPEEK membrane was prepared as follows: about 400 mg of SPEEK was dried at T = 80°C in a vacuum oven for 90 min. Then, it was dissolved in 10 mL of DMA and the solution heated to 100°C under stirring. The solution was casted on a petri dish and kept at 80°C overnight. The membrane thickness was 165 ± 5 lm. Before characterization, the membrane was activated keeping it in 5 M H 2 SO 4 solution overnight, then rinsed in distilled water and kept in water at room temperature before use. The membrane was characterized in terms of liquid water uptake and proton conductivity (RH = 100 % and T = 30°C) which resulted to be 70 % and 62 mS cm -1 , respectively. A Nafion 117 membrane was also characterized as reference, water uptake and proton conductivity being 32 % and 48 mS cm -1 , respectively, demonstrating the higher performance of SPEEK which was used as an alternative to Nafion during EFC tests.
Methods
Characterization of the immobilized enzyme
FTIR spectra of both GOx powder and film samples were recorded by using a Perkin-Elmer Spectrum 100 spectrophotometer (16 scans at a resolution of 4 cm -1 ). Film samples were prepared casting N and N-GOx solutions on petri dishes. After solvent evaporation (overnight, room temperature), films were peeled off the support, cut into small pieces and pelleted with KBr.
Far-UV (190-250 nm) CD spectra of both solution and films were recorded with a Jasco J810 spectropolarimeter (Jasco Inc., Japan), at 25°C. A 1 mm path length quartz cell was used for solution samples. The enzyme concentration used was 5 lM for solution samples and their spectra are showed in molar ellipticity (h). Film samples were prepared by dropping solutions on quartz slides (Hellma GmbH) and allowing the solvent to evaporate (overnight, room temperature). The spectra of film samples were normalized by the spectra of free GOx in solution. All spectra were recorded after accumulation of four runs, and smoothed using a fast Fourier transform (FFT) filter to minimize background effects. Quantitative prediction of the secondary structure was performed by deconvolution of the CD spectra using CONTINLL, CDSSTR, and SelCon programs [30] . The better results were achieved from CONTINLL program, with a root mean square difference between the experimental and calculated curves (RMSD Exp-Calc ) lower than 5 % for all deconvolutions. Crystallographic structure of GOx (PDB entry: 3QVP) was generated using RASMOL software [31] .
SEM images were acquired using FE-SEM, LEO mod. Supra 35, being 15 kV the electron beam energy.
Cyclic voltammetry (CV) and chronoamperometry (CA) experiments were performed using a multichannel potentiostat VMP3 (Princeton Applied Research). CV curves were recorded in the 0.2-1.0 V range, at a scan rate of 50 mV s -1 in the presence of glucose (0-140 mM). CA curves were recorded at the oxidation potential of 0.5 V in the presence of glucose ranging from 0 to 140 mM. The electrochemical cell, placed in an oven at 30°C, incorporated a conventional three-electrode system, using a saturated calomel reference electrode and a platinum counter electrode. The working electrode consisted in carbon cloth modified with N-GOx or N-GOx-MWNTs, obtained by casting the corresponding solutions on carbon cloth supports. Carbon cloths are either E-Tek ELAT HT 140E-W with a platinum loading of 5 gm -2 carbon cloth (henceforward named as CC-Pt) or carbon cloth plain, Fuel Cell Scientific, Stoneham, MA (henceforward named as CC). The cell contained 30 mL of KCl 0.1 M in PBS 0.1 M, pH 7 and was degassed with N 2 for 15 min before recording the voltammograms. 
Enzyme fuel cell (EFC) assembly and EFC tests
The EFC device used for acquiring polarization and power density curves consists in two plexiglass chambers (10 mL) separated by the electrolyte membrane (10 cm 2 surface area). All solutions were prepared in PBS. The catholyte chamber consisted in an unmodified carbon cloth electrode immersed in 7 mL of 0.02 M potassium ferricyanide solution. Two different anolyte chambers were tested: (a) mediator-added anolyte and mediator-less anolyte. The first one consisted in a CC electrode modified with either N-GOx-f or N-GOx-MWCTs-f immersed in a solution containing 6 mL of 1 M glucose and 1 mL of methylene blue solution as redox mediator. The second one consisted in a CC electrode modified with either N-GOx-f or N-GOxMWCTs-f immersed in a solution containing 7 mL of 1 M glucose solution. The cells were allowed to equilibrate at least for 6 h to obtain stable open circuit voltage (OCV). By applying an external resistance (R ext ) and gradually reducing the load (in the 10 MX-0.5 kX range), a set of voltage (V) data as a function of resistance was obtained. To achieve polarization and power density curves, current values were obtained by Ohm's law. Figure 1 shows the FTIR spectra of GOx powder, N-f, and N-GOx-f samples. The FTIR spectrum of GOx powder displayed the two adsorption peaks characteristic of enzyme molecules at 1,654 and 1,540 cm -1 , due to C=O stretching vibrations of peptide bonds, and a combination of N-H in-plane bending and C-N stretching vibrations of the peptide groups, respectively [32] . The spectrum of the reference N-f is in good agreement with previous literature reports [33] , showing vibrational bands associated with C-F, SO 3 H, and OH groups in the 1,000-500, 1,350-1,000, and 4,000-1,500 cm -1 regions, respectively. As evidenced by the inset of Fig. 1 , the entrapment of GOx in the Nafion matrix is demonstrated by the appearance of the band at 1,540 cm -1 in the spectrum of N-GOx-f, that is assigned to N-H bending of the amide group of GOx and absent in the spectrum of the reference Nafion film.
Results and discussion
Characterization of immobilized GOx
Structure and morphology
Far-UV CD spectra of immobilized GOx and free GOx in solution were recorded to study changes in secondary structure of GOx due to the immobilization procedure (Fig. 2) . The spectrum of free GOx in buffer solution (P-GOx, Fig. 2a, solid line) comprises a maximum around 196 nm, two negative bands at 216 and 222 nm, suggesting the presence of some helical content in the secondary structure [34] . This assumption is verified when the amount of secondary structure is calculated from the CD spectrum resulting in 16 % of helical structures, 52 % of beta structures (including turns), and 32 % of unordered forms ( Table 2 ). The content of secondary structure is in good agreement with GOx crystallographic structure [35] , which is shown in Fig. 3 where helix, beta, and the redox active flavin adenine dinucleotide (FAD) are clearly indicated. Figure 2a also shows the CD spectrum of ultrasoundtreated GOx solution (GOx, dashed line) and ultrasoundtreated GOx solution containing Nafion (N-GOx, dotted line). Such CD spectra show a positive band 196 and 195 nm (for GOx and N-GOx, respectively) and two negative bands at 211 and 218 nm in both cases. The secondary structure content calculated by spectra deconvolution is shown in Table 2 . The high similarity in CD spectra shape and secondary fold in both samples clearly indicates that neither the ultrasonic treatment, nor Nafion addition changed significantly GO x native structure. Figure 2b shows CD spectra of GOx films obtained from buffer solution (P-GOx-f, solid line), from ultrasoundtreated buffer solution (GOx-f, dashed line) and from ultrasound-treated buffer solution containing Nafion (NGOx-f, dotted line). Although small changes can be noticed in terms of spectrum shape of immobilized GOx with respect to free GOx in solution, the positive and negative bands are maintained in the spectra of GOx films displaying a maximum at 196, and two minima 216 and 222 nm. Moreover, the calculated secondary content shown in Table 2 indicates that immobilized GOx is more regularly structured than in solution, due to the reduced content of unordered forms. In the case of GOx immobilized from ultrasound-treated solution containing Nafion (N-GOx, Fig. 2b, dotted line) , the CD spectrum shows a positive shoulder around 193 nm and one negative minima at 224 nm. Despite the decreased intensity of the positive band and a shoulder at 216 nm rather than a band at this position, the deconvolution resulted in 19 % of helical and 60 % of beta forms, and 21 % of unordered forms, pointing to the increase of structural regularity of immobilized GOx with respect to the solution.
This result is particularly important in terms of thermodynamics of enzyme unfolding. It is well known that enzymes exist in two different states having different energy: folded state (F), where the enzyme is in its native and fully active state and unfolded state (U), which is an ensemble of unordered conformations, with no biological activity and high-energy cost [36] . F is substantially more stable than U; the unfolding process often involves the formation of different intermediate states (I) at different energy content between F and U, as depicted in Fig. 4 . Considering the higher content of regular structure in immobilized GOx (21 %) than in solution (32 %), I 1 represents the intermediate state corresponding to immobilized GOx, and I 2 represents that of free GOx in solution. Since the energy content of I 1 is lower than that of I 2 , it can be concluded that the immobilization procedure may favor GOx stabilization, which is particularly important for bioanode preparation, thus for EFC device.
Moreover, the content of different structural secondary motifs (helix and beta, including turns) is very similar between P-GOx (native state) and N-GOx-f (immobilized Fig. 3 Crystallographic structure of GOx generated using RASMOL software enzyme), indicating that the immobilization procedure does not significantly alter the 3D organization of native GOx, thus preserving the key feature of enzyme active site. Therefore, the comparison between CD feature of GOx immobilized and free in solution indicates that the immobilization procedure allows GOx not only to maintain high similarity in terms of ordered secondary structure (beneficial for enzyme activity) but also to decrease the content in unordered conformations (beneficial for enzyme stability).
The morphology of GOx film was investigated by SEM. Figure 5 shows a SEM micrograph of the N-GOx sample (a, right picture) and a plain carbon cloth support (b, left picture). The reference electrode showed a smooth fibrous surface, while the N-GOx modified electrode displayed a microstructure consisting of micrometric and submicrometric aggregates. The SEM micrographs demonstrated a good coverage of the electrode surface by the GOx/Nafion matrix.
Electrochemical properties
Cyclic voltammetry was used to evaluate the biocatalytic activity of immobilized enzyme. GOx catalyzes the oxidation of b-D glucose into b-D-glucono lactone, according to the following reaction:
The amperometric detection of hydrogen peroxide, a coproduct formed during the enzymatic oxidation of glucose, is a versatile strategy to verify the catalytic activity immobilized GOx. According with previous papers dealing with glucose biosensors [37] [38] [39] [40] , the production of H 2 O 2 by the enzymatic reaction can be monitored at the surface of platinum electrodes:
The produced current is directly proportional to the amount of glucose oxidized in the enzymatic reaction of GOx and, therefore, can be used as indication of GOx bioelectrocatalytic activity. Figure 6 shows cyclic voltammograms recorded in the presence of 0.062 M glucose at 30°C, the working electrode consisting in either N-GOx-f or N-f sample immobilized on CC-Pt electrode. Whereas no electrocatalytic current was recorded in the absence of GOx at the electrode (N-f sample), the voltammogram of N-GOx-f sample showed an oxidation peak centered at 0.5 V that can be ascribed to the oxidation of H 2 O 2 produced by the enzymecatalyzed glucose oxidation. The presence of the oxidation peak indicated that the immobilization procedure allows GOx exploiting its bioelectrocatalytic activity for the oxidation of glucose. This is due to the maintaining of a regular and well-ordered structure of immobilized enzyme, as indicated by the CD investigation.
Cyclic Voltammetry experiments performed as a function of temperature allows selecting 30°C as the optimal temperature at which the bioelectrocatalytic activity of immobilized GOx is enhanced. 
Effect of MWCNTs on electron-transfer and bioelectrocatalytic activity of GOx
To enhance electron-transfer between the active site of the enzyme and the electrode surface, MWCNTs were used in the preparation procedure of the GOx electrode. Cyclic voltammograms were recorded in the presence of 0.062 M glucose at 30°C, the working electrode consisting in either N-GOx-MWCNTs-f or N-MWCNTs-f sample immobilized on CC-Pt electrode. While no electrochemical response was observed in the case of N-MWCNTs-f sample, an oxidation peak centered at 0.5 V was observed for N-GOx-MWCNTs-f sample due to the oxidation of H 2 O 2 produced by the enzymatic reaction of glucose oxidation. Figure 7 shows current density values of the oxidation peak as a function of glucose concentration for N-GOxMWCNTs and N-GOx-f sample at 30°C. For both samples, the intensity of the oxidation peak linearly increases with increasing glucose concentration up to 0.09 M, and then it reaches a saturation threshold.
Moreover, the presence of MWCNTs in the enzyme electrode allows achieving higher current density values in the whole range of glucose concentration (0.715 and 1.09 mA cm -2 , at 0.062 M glucose, for N-GOx-f and N-GOx-MWCNTs-f, respectively). Furthermore, the slope of the curve in Fig. 7 is 45 % higher than that of N-GOx-f sample. Those findings indicate that MWCNTs have a beneficial effect on the bioelectrocatalytic activity of immobilized GOx.
To determine GOx kinetic parameters and evaluate the effect of both immobilization procedure and MWCNTs presence on GOx bioelectrocatalytic activity, the rate of GOx-catalyzed glucose oxidation was monitored by a chronoamperometric experiment at a constant potential of 0.5 V. Figure 8a shows current intensity profile due to the addition of 0.011 M glucose to the electrolyte solution, the working electrode consisting in N-GOx-MWCNTs-f sample immobilized on CC-Pt. As a consequence of glucose addition, current intensity increases and reaches a plateau within 25 s. Since the rate at which current intensity increases is proportional to the rate of hydrogen peroxide generation by GOx, the slope of the curve in Fig. 8a in its linear portion (V 0 ) is related to the rate of GOx-catalyzed glucose oxidation (V). Using this approach, V 0 values were determined at various glucose concentrations and the resulting Michaelis-Menten plot is shown in Fig. 8b . Kinetics parameters were calculated by fitting the curve to the following equation [41] :
where [S] is molar concentration of glucose, V 0 max represents the maximum rate at which GOx catalyzes the glucose oxidation reaction, and K M represents the glucose concentration at which reaction rate is half-maximal. Kinetics parameters were obtained for N-GOx-MWCNTs-f and N-GOx-f samples and were compared to those of GOx free in solution (Table 3) .
Free GOx in solution was found to have V This finding can be explained taking into account that the presence of Nafion leads to substrate diffusion and charge transfer limitations in the immobilized form of GOx, in agreement with previous reports [42] [43] [44] . This becomes particularly evident if kinetic parameters of the two immobilized GOx samples (with and without MWCNTs) are compared. V The enhancement in enzyme activity can be ascribed to the reduction of the electron-transfer distances between the redox center of the enzyme and the electrode, thereby increasing the rate of electron-transfer. The modification of electrode morphology and the consequent enhancement of mass transport characteristics of the system induced by the presence of MWCNTs cannot be excluded as well.
By virtue of its ease of fabrication and catalytic properties, N-GOx-MWCNTs-f can be considered as a promising bioanode to be used in an EFC device.
EFC assembly and tests
Bioanodes (either N-GOx-f or N-GOx-MWCNTs-f) and SPEEK membranes were assembled in an EFC to test electrochemical performance of materials at 30°C. The resulting polarization and power density curves are shown in Fig. 9 . OCV values of 0.2 V were recorded for both cells. The maximum power density obtained from N-GOx-f bioanode was 5 lW cm -2 and the current density value at E = 60 mV was 88 lA cm -2 , while N-GOx-MWCNTs-f bioanode allowed achieving higher performance leading to a 68 % increase in PD. The improved performance of N-GOxMWCNTs-f bioanode with respect to N-GOx-f can be ascribed to the presence of MWCNTS at the electrode which enhances GOx bioelectrocatalytic efficiency, in agreement with voltammetric results discussed in Sect. 3.1. The enhanced bioelectrocatalytic efficiency of GOx resulted indeed in an improved electrochemical performance of the EFC device. Enzyme fuel cell devices described in Fig. 9 contain a redox mediator in the anodic chamber, such as methylene blue. To explore if MWCNTs at the electrode are able to perform the same role of the redox mediators and thus to substitute it, we prepared an anodic chamber using mediator-less either N-GOx-MWCNTs-f or N-GOx-f as bioanodes and SPEEK as electrolyte membrane. While the cell assembled with N-GOx-f does not produce any detectable current, the EFC device based on mediator-less N-GOxMWCNTs bioanode allows achieving a maximum PD of 1.5 lW cm -2 and current density of 23 lA cm -2 at E = 60 mV (Fig. 10) .
Therefore, even though OCV, current and PD values are lower than those recorded in the presence of methylene blue as redox mediator, immobilized GOx is capable of direct electron-transfer to CC electrode even without the involvement of a redox mediator acting as electron shuttle. This is further demonstrated by cyclic voltammograms recorded using N-GOx-MWCNTs-f sample immobilized on CC as working electrode. A pair of redox peaks is 
observed at potential of -0.36 and -0.56 V, in the anodic and cathodic scan, respectively. Such peaks can be ascribed to the redox reaction of flavin prosthetic group (FAD moiety) constituting GOx active site, as reported in the following reaction [45] :
The electrochemical response of N-GOx-f (without carbon nanotubes) sample immobilized on CC electrode was also tested, recording cyclic voltammogram, which did not show any peak in the same voltage range. This finding confirms that the presence of MWCNTs promotes direct electrical communication between the active site of GOx and electrode surface. This result is particularly important as it qualifies the proposed immobilization strategy and materials for use in EFCs of easy and economical fabrication.
Conclusions
We proposed an immobilization strategy to entrap GOx on carbon cloth supports. In comparison with traditional stabilization techniques, this procedure presents several advantages, such as simplicity, consumption of small amounts of reagents, and low cost. By a combined approach based on spectroscopy and electrochemistry, we investigated the structure-properties relationships of the enzyme electrode, identifying the optimal environment for GOx functionality. Circular dichroism features of GOx immobilized indicates that the immobilization procedure allows to preserve GOx's active site and to decrease the content in unordered structural conformations with respect to free GOx, leading to enzyme stabilization. Electrochemistry characteristics of immobilized GOx shows lower activity and affinity for glucose with respect to free GOx in solution due to overcoming of mass diffusion and charge transfer limitations achieved by inserting MWCNTs in the encapsulation matrix.
The potential use of this enzyme electrode as bioanode of an EFC device was explored. An EFC device was assembled using the GOx-based bioanodes and a SPEEK as electrolyte membrane. The use of SPEEK instead of conventional Nafion allows a further cost reduction and higher performance of EFCs, due to lower cost and higher proton conductivity of SPEEK with respect to Nafion. Polarization and power density curves of the complete EFC device were acquired, achieving good electrochemical performance even without the involvement of a redox mediator acting as electron shuttle.
Therefore, the proposed immobilization strategy as well as materials and characterization tool provide a promising platform for constructing EFCs fed with glucose. 
